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ABSTRACT

Alterations occur in human electrolyte balance and serum concentration during

infectious diseases. To explore these alterations in greater detail, electrolyte

metabolism has been investigated in rhesus monk~eys with a sub-lethal illness in-

duced by intravenous inoculation with Salmonella typhimurium. Response to illness

was evaluated, by measurements of serum and muscle electrolyte composition and renal

function. In the animals with ad libitum dietary intake, a loss in muscle and

serum potassium concentrations became evident within 24 hours after inoculation

..sring the febrile phase of illness. Serum and muscle K.concentrations returned

to normal after five days of illness. Sodium and'water content of muscle respond-

ed in a more complex pattern. During fever, muscle sodium and water increased and

sodium concentrations in serum and urine were elevated. This appeared to be 'due

to the greater relative retention of water than of sodium in muscle which led to

increased concentrations of sodium in serum and in the renal filtered load. The

intracellular nature of the increased muscle water was documented with direct de-

termination of fiber composition by Electron Probe Microanalysis. During con-

valescence, a renal retention of sodium was marked and overlapped the period of

weight loss and increasing urine volume. This asynchrony in return of normal renal

function appeared to be the cause of relatively large swings in plasma sodium con-

centrations during the early convalescent period. During this period, muscle water

and sodium concentrations were increased when serum sodium concentrations were re-

duced and. reduced when serum sodium was elevated. These investigations indicate

that the altered serum concentrations in infectious diseases are a complex algebraic

sum of renal and extrarenal factors which control electrolyte metabolism, and further,

that some of the most remarkable alterations occur 6uring early convalescence as.

renal function returns to normal.



INTRODUCTION

In prospective studies of infections in human volunteers and munkeys, a series

of metabolic responses have been observed which exaggerate the effect of anorexia on

electrolyte and water balance. The earliest renal response in monkeys was a depres-

sed free water clearance evident within two hours after intravenous inoculation with

virulent pneumococci (1). In the human, this was followed by a two or three day,

period of renal wastage of sodium and chloride without change in body weight (2). A

two or three day period of sodium retention associated with maximal aldosterone secre-!

tion then occurred which coincided with the onset of clinical recovery, rapid diuresis

and weight loss (3,4,5).

Reduced concentrations of serum Na and Cl during infections have, been reported in

a number of clinical studies (5). In prospective human studies of tularemia and Q

fever (2), falls in serum Na and Cl concentrations were observed in the first days

following recovery from the febrile response. These were transient but as profound as

10 mEq/L. In tularemia, hyponatremla and hypochloridemia ..occurred simultaneously

-with maximum urinary aldosterone excretion (2). Urinary potassium concentrations in-

creased and K balance became' negative with the onset of the febrile response in ex-

perimental infections (2). Urine K losses were poorly related to urinary Na concen-

trations. in the experimental human infections with tularemia, sand fly fever and

Q fever, no significant alterations in serum K concentration were observed.

Muscle was Observed to pdrticipate in the altered electrolyte metabolism of

several children who developed incidental infections while undergoing metabolic

investigations during nutritional recovery (6). Because muscle plays a major role in

extrarenal electrolyte metabolism, a series of experiments were designed to explore

the'role of skeletal muscle in the altered serum and urinary electrolyte concentra-

tions discussed above. A descriptive investigation of muscle and serum chemical

composition in rhesus monkeys infected with Salmonella typhimurium was conducted.

These observations were extended in additional monkeys to explore physiological
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correlates at the integrated and cellular levels.

MATERIALS AND METHODS
Animal ModelN

Nineteen rhesus monkeys (Mucaca mulatta) with body weights between 2.5 and 4.5

kg were maintained on Purina monkey chow during a six month isolation period prior to

experimentation. Two groups resided in individual cages throughout the study. An

additional group was restrained in metabolic chairs. During the experiment, the 10

animals received their usual water and diet ad libitum. Before all manipulative pro- I

cedures, the monkeys received an intramuscular injection of I mg/kg of a tranquilizer,'

phencyclidine (Sernyl 0))•/

Test Procedure S

Stock culture of Salmonella typhimurium was stored frozen (-60dF) in brain-heart

infusion 'broth containing 17% glycerine by volume. Prior to inoculation, a sample of

stock culture was thawed at room temperature. .Nutrient agar slants were inoculated

with 0.2 ml of stock culture and incubated at 370C for 18 hours.. The nutrient agar

slant was washed with phosphate buffered saline plus 1% normal rabbit serum and gently

agitated. The yield of organisms per ml of wash was titrated reproducibly by varying

the amount of saline and serum added to the agar slant. Three ml yielded .:pproximately ,1
83I x 108 organisms per ml. One ml of this titered inoculum, when administered intra-

venously to the rhesus monkey, consistently produced a febrile, non-lethal i'llness.

Blood cultures were obtained at the time of each venapuncture during the experiments

to document the presence of bacteremia.

Experimental Procedure

Samples of skeletal muscle weighing 5 - 15 mg were obtained with a Baylor muscle

biopsy needle (Popper and Sons, Inc., New York, N.Y.) from the anterolateral thigh

of the monkey. The exact time of biopsy was recorded with a stop watch. Serial

weights of muscle specimens were recorded immediately after biopsy by using a Cahn

Electrobalance (Cahn Inst. Co., Paramont, Ca.) in order to calculate the initial wet

weight of the biopsy. The samnples were thenanalyzed forNa, K, Cl, H2 0, myofibrillar
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nitrogen, collagen nitrogen dnd total lipids by methods previously described (7).

Serum ion concentrations were measured by the same techniques. Serum osmolality was

measured by freezing point depression (Advanced Instruments, Inc., Newton Highlands,

Mass.).

Muscle samples from Group Ill animals were also analyzed by electron probe micro-

analysis %8). Using fine scissors, I mm blocks of muscle were removed from the biopsy

sample. These were frozen in liquid propane within 60 seconds of the initial exposure

of the sample to ambient conditions. Thefrozen samples were then transferred to a

cryostat where they were sectioned at 8p thickness, picked up on polished silicone

discs and lyophilized. Gelatine standards were prepared in the same manner.

The electron probe utilized was an Applied Research Laboratories EMX-SM located

in the Cellular Analytical Laboratory of the L. B. Johnson Space Center. Three crys-

tal wavelength dispersive spectrometers were used for the simultaneous assay of potas- .<

sium, sodium and chloride. Silicone substrate signal was monitored with an addi ional

non-dispersive spectrometer in order to determine the tissue density. Individual

fibers were scanned using an electvon beam with a measured diameter, of l.SV, a 10 KV

accelerating potential, and a sample emission current of O.lVA. Calibration curves

were linear for potassium, sodium, chloride and tissue density.

Experimental Protocols
.4

Three experiments are reported. In the first, Group I, five individually caged

monkeys received intravenous inoculations of 108 S. typhimurium organisms. These q

monkeys developed a febrile illness with a subsequent 10% loss in body weight. Daily .

rectal temperatures (Brown Instruments, Philadelphia, Pa., Model Y153 x 60) and body %

weights were recorded (Shadowgraph Scale, The Exact Weight Scale Co., Columbus, Ohio).

Blood samples were cultured and muscle samples obtained for analyses at 6, 24, 48, 72,

120, 168, 240 and 336 hours after inoculation. With the exception of the 6 hour obser-

vation, all sampling was dore between 9:00 and 11:00 A.'i. In order to determine the !

normal range of muscle composition, these same monkeys had control samples of muscle

obtained at 72, 48, 24 and zero hours before the inoculation. The samples at -48,

I,



-24 and ztro hours are referred to as experimental controls. One additional monkey

was subjected to the same experimental protocol as the Group I animals. This monkey

received an intravenous injection of I ml of sterile saline. Results from this

monkey have been included among the experimental controls.

From the viewpoint of the results of the Group I investigation, questions arise

concerning the response of homeostatic controls to S. typhimurium septicemia. To

explore these, an investigation was conducted in five additional monkeys. Group II,

restrained in metabolic chairs and studied in the conscious state. Additional ani-

mals were investigated with this second protocol, however, only those monkeys with

a pure blood culture of S. typhimurium werer accepted for inclusion in this analysis.

The chronic ureteral cannulations required for this experiment resulted in asympto-

matic bacteremia with other organisms in all six saline inoculated control animals'

and mixed infections in three of eight monkeys inoculated with S. typhimurium.

Surgical procedures were accomplished 72 hours prior to bacterial inoculation

(0 hours). Anesthesia was induced with sodium thioamytal given intravenously. Using

conventional sterile techniques, a midline abdominal incision was performed. Poly-

ethylene catheters (PE-160) were inserted into both ureters and positioned in each

renal pelvis. The external catheter tips were exteriorized through separate abdominal >4

sites and attached to a sterile, closed system for urine collection. Through a separ- .-

ate groin incision, a venous catheter (PE-1OO) was positioned high in the inferior

vena cava via the femoral vein for infusions required for physiologic function tests.

In addition, a teflon catheter (1.0. 0.042 in.) was inserted via the femoral artery

into the abdominal aorta for measurement of blood pressure and blood sampling. Mean

arterial klood pressure (MABP) was measured with Statham pressure transducer (Statham ..

Instruments, Inc., Oxnard, Calif. Model P2306) connected to a Brush recorder (Gould,

Inc., Cleveland, Ohio). The arterial and venous catheters were flushed twice daily

with 5 ml of sterile saline solution containing 50 u/L of heparin. A thennocouple

was placed deep in the paraspinal muscles at the level of the first lumbar vertebra

for continuing monitoring of body temperature (Brown Instruments, Philadelphia, Pa.,
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Model Y153 x 60).

Following surgery (-72 hours), the monkeys were studied at -48, -24, 0, +72 and

+120 hours after inoculation with 108 S. typhimurium organisms at time zero. In addi-

tion, blood was withdrawn daily for determination of serum electrolytes, osmolality,

and creatinine. Daily collections were made for determination of 24 hour urine

volume, osmolar and electrolyte excretion and creatinine excretion. Blood and urine

cultures were obtained at 48 and 96 hours.

Because of the blood loss required by these physiologic determinations, 0Iaily

arterial hematocrits were determined. The Group II monkeys were transfused.with

pooled monkey red blood cells at -24, +48 and + 96 hours after inoculation in order

to maintain an hematocrit above 25%.

Plasma and extracellular volume determirations, cardiac output, renal function

and muscle sampling were accomplished at 0, 72 and 120 hours after inoculation.

Plasma volume was determined from optical density of serum 10 minutes after intra-

venous injection of 4 mg/kg of Evans blue dye. Extracellular volume was determined

by the method of Walser using Na S50 (Amersham-Searle). Twenty-five ic was in-2 4

jected I.V. and plasma samples obtained at 0, 15, 20 and 25 minute intervals. Count-

ing was donc in a Liquid Scintillation System (Nuclear Chicago, 720 series) and re-

sults extrapolated to time 0 of determination of equilibrium distribution. Cardiac

output was determined by indicator-dilution curves following rapid injection of 5 mg

of cardiogreen dye (Hynson, Wescott and Dunning, Inc., Baltimore, Md.) using the

Gilford 103 IR densitometer, 104 dye curve computer and 105 constant flow pump (Gil-

ford Instruments, Oberlin, Ohio). Output was calculated as ml/min by the formula:.

outut=1 (60)
Cardiac oupu (-AF)

where I was 5 mg of dye injected, AF the area factor from the computer, and K was a

constant derived from known concentrations of the dye in the pooled monkey blood.

Renal function was tested after appropriate loading.doses of a solution of inulin

and PAH (1). A subsequent constant infusion of 0.125 ml/min maintained blood concen-

trations in the range of 10 - 20 and 1 - 2 mg/DL plasma respectively. After a 90

U.
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minute equilibration period, four hourly clearances were determined. Calculations

were standard clearance formulae. Inulin and PAH were measured in a Technicon

Autoanalyzer (Technicon Corp., Rochester, N.Y.) using a modification of the tech-

nique of Dearborn and Harvey (1). Creatinine analysis employea a modification of the
4

procedure of Folin and Wu (1).

When the data from the initial two experiments were compiled, it was observed

that alterations in electrolyte composition of serum and muscle at 120 hours after

inoculation presented an unusual pattern. This was reinvestigated in a third ex-

periment. Eight additional individually caged monkeys, Group III, received Intra-

venous inoculations. Four received 5 x 108 and four 1 x 108 S typhimurium organ-

isms. The experimental procedures were carried out as Group I at 0 and 120 hours

after inoculation. Several additional analyses of serum concentrations were added

to this third experiment. They include hematocrit, serum protein, BUN, Ca, Mg, P

and blood pH.

Because of the effect of the experimental procedures observed in the collection

of the serial samples in the experimental controln, the first samples (72 hours be-

fore inoculation) from Group I and the time 0 samples for Group I I are pooled as

the absolute controls.

Statistical Procedures

Mean values are reported with + one standard deviation. All data groups were

tested by the t test for significance of differences. Wher the p value is less than

0.05, mean differences are stated to be significant. Relationships between observa-

tions were tested by regression analyses or the Chi Square test.

RESULTS

The intravenous inoculation of rhesus monkeys with 108 S. typhimurium organisms

resulted in a febrile illness without gastrointestinal disturbance. The mean body

temperature and body weight of the Group I animals are charted in Figure 1. Mean

body weights in the Group II monkeys are illustrated in Figure 2. Body weights for

Group III are found in Table I1. Blood cultures bccame positive for S. typhimurium



in all inoculated monkeyst

In the Group I animals, a series of changes were observed in serum electrolyte

concentrations (Figures 3, 4 and 5). Serum sodium and chloride concentrations fol-

lowed similar patterns after inoculation of the monkeys. Both-'ons were signifi-

cantly elevated within six hours after the zero observation; an elevation of ap- e.

proximately 10 'mEq/L persisted through the first 72 hours of infection. Between 72

and 120 hours, both fell to values not statisticaliy different from the baseline.

A significant rise y'as again observed at 168 hours in sodium and chloride concen-

trations but returned to control values by 240 hours. The relationship to serum

sodium in the Group I experiment is reflected in a regression equation: Serum Cl

mEq/L = Serum Na * 0.73 - 3 (r - 0.90, n - 46).

Serum potassium concentrations were significantly lowered from the zero hour

observations at six through 120 hours. Between 120 and 168 hours after inoculation,

there was a significant rise of 1 mEq/L. Thereafter, levels wcre not significantly

different from those before the study began. Muscle potassium concentration in

mEq/Kg fat free dry weight (FFDW) fell during the initial hours after inoculation

reaching statistical significance at 72 hours. Between 120 and 168 hours after the
Nr

beginning of the experiment, mean muscle K concentration increased to control values

which persisted through the remainder of the experiment. A parallelism existed be-

tween the serum and muscle K concentrations. This is reflected in Figure 4 which

*Although similar in most respects, there were minor differences between the Group I

and III experiments. The Group III animals weighed 0.5 kg more at the start of the

experiment and had a 10% loss of initial weight by 120 hours, a significantly great-

er loss of weight than was observed at this interval in Group I monkeys. All of the

Group III animals had persistent bacteremia-at 120 hours, whereas only two of the

five Group I monkeys had S. typhimurium cultured from the-blood at this time. These

data suggest that the infection may have been more severe in the Group III experi-

ments.



illustrates this reldtionship for Group I. Regression andlysih revedled that muscle

K mEq/Kg FFDW a Serum K * 36.6 + 216 (r - 0.59, n = 40). The Group III data also

follow this relationship, without altering the equation (Figure 6).

In Group I, muscle sodium concentrations (Figure 3) did not reflect serum con-

centrations. Six hours after inoculation, there was a signiicant fall in muscle Na

at a time when serum concentrations rose significantly. There was an increase in

variation among the sodium concentraticns in muscle between 24 and 120 hours after

inoculation. This occurred because half of the animals developed muscle sodium

levels approximately twice those of the experimental controls and time zero obser-

vations. Between 120 and 168 hours of illness, muscle sodium decreased from'the

highest to the lowest levels observed during the Group I experiment. This fall of

approximately 200 mEq/Kg FFDW was statistically significant. It was associated

with a significant rise of 26 mEq/L in serum sodium concentration. Additional re-

ciprocal changes in serum and muscle Na were observed at 240 and 336 hours post

inoculation. The inverse relationship between mrscle'and serum sodium concentrations

between 120 and 336 hours after inoculation is veflected in a regression equation:

Muscle Na mEq/Kg FFDW a 371 - serum Na mEq/L 0.86 (r a 0.49, n - 20). This re-

lationship did not exist between serum and muscle sodium concentrations between

zero and 120 hours.

Muscle chloride concentrations (Figure 5) fC2lowed those of Na. The-changes were

not as large as those noted in sodium concentration, however, the reciprocal relation-

ship between muscle and serum Cl concentrations was present between 120 and 336 hours

after inoculation; muscle Cl inEq/Kg FFDW - 392 - serum Cl mEq/L.2.73 (r - 0.4, n 20).

The effect of sepsis on myofibrillar ni.trogenj collagen nitrogen and neutral

lipid is illustrated in Figure 7. During the early stages of infection, there was a

transiant drop in myofibrillar nitrogen, significant at 6 and 24 hours. At the same

time, a relative increase in collagen nitrogen was'observed. Tissue lipids in-

creased significantly during the first 72 hours after inoculation, then fell to con-

trol levels at 120 hours.
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Water content uf muscle also changed during the period after inoculation. There

was an initial fall in muscle water followed by a mean rise of significant proportions

at 72 and 120 hours. The water content fluctuated between 120 hours and 336 hours

with the same pattern as observed for muscle sodium. There was a relationship be-

tween muscle water and sodium; muscle Na mEq/Kg FFDW1 - 3.1 * muscle water 1/Kg FFDS"

0.0037 (r - G.'62. N - 40). If only the observations between 120 and 336 hours were

used, the regression coefficient increased to 0.71.

Group II monkeys were subjected to surgery, chronic cannulation and chair re-

straint. They also received intravenous fluid infusions of 5.5 hours duration

on the days when renal functions were measured. The course of infection in this

group was identical to that of the Group I monkeys. Instead of weight loss, these

restrained animals gained an average of 387 gms and became visibly edematous (Figure 2).

The effect of this experimental protocol on muscle K, Na and H2O was indistinguishable

from that observed in the Group I animals at 120 hours after inoculation, Muscle

chloride in the Group 11 monkeys was significantly higher at 120 hours; 232 ± 90 vs

132 + 38 mEq/kg FFDW In Group 1. Serum K was already reduced at -48 hours in the

operated animals and 'remained low except for transient increases at 24 and 144 hours.

Serum Na fell in Group I1. in distinction to the early rise observed in the Group I

monkeys who did not receive water loads. Serum chloride concentrations demonstrated

an 4.:>ntical rise in both groups after inoculation, however, this lacked statistical

significance i, Group 1.1 because of variations in serum concentrations at 0 hours.

As illustrated in Figure 8. after infection was induced, the three day mean

urine volume ir:reased significantly from 123 + 62 to 237 + 89 ml/24 hours. There

was a transient decline in urine. volume during the third day. Volume thereafter in-

creased progressively until 144 hours of observation. During the first 48 hours., the

urinary excretion of sodium appeared to parallel urinary volume. At 72 hours, there

was a fall in urine Na concentration which lasted through the fifth day of infection

(120 hours). During the first 48 hours, sodium excretion was sign~ficantly increased

"Ft,'ures illustr'atinig these changes in muscle and serum in the Gruup II monkeys areiviil ]ble frrorn thc jutior)r o~r from the •(•ij',ton Acadel(y of Medicine L itbrary. T1e',,
Y4 ' ca} Cer- o,, , . ýIm ist(,n . I KýJi 770)-10 .
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by an average of 5 IUEq/ddy wheyo COIlpred with the baseline and 72 to 120 hour col-

lections. Urinary potassium excretion was significantly elevated by 24 hours, an

increase in excretion averaging 5 mEq/day during the period following inoculation.

The K loss seemed unrelated to urine volume or sodium excretion.

When examined on a daily basis (Figure 9), glomerular filtration rate as re-

flected in creatinine clearance persisted at basal levels until the third day (72

hour collection). At this time, there was a 30% reduction in GFR . This reduc-

tion persisted through the fifth day (120 hours). The reduction in GFR coincided

with sodium conservation (Figure 8). Antidiuresis, as measured by daily total

CH o, also increased between 72 and 120 hours. Despite the increasing urine volume
2

uuring the week after inoculation, antidiuresis was present except for a relatively

isosmotic urine excreted during the 24 hours following inoculation of the virulent

organisms. Serum osmolality was reduced by 16 mOsm/Liter from baseline otserva-

tiors during the entire seven days after inoculation.

Explanations for the alterations in renal function and muscle composition

were not found in the physiologic investigations (Table 1). No statistical

differences were found in the extracellular space, or plasma volume. No changes

in cardiac function could be documented. Inulin clearance measurement of GFR

confirmed the creatinine clearance observations Indicating a 30% reduction in

glomerular filtration at 72 and 120 hours after inoculation. The alterations

in inulin clearance, however, did not achieve statistical significance. No sig-

nificant alteration could be documented In effective renal plasma flow (PAH

clearance) or filtration fraction.

To explore the intracellular 6asis for the above described muscle changes

more fully, eight additional caged monkeys (Group I11) were studied at 0 and 12Q

hours after inoculation. The range of determinations were expanded in blood and

muscle (Table 11). The animals all became febrile with the infection. At 120

hours after intravnouý inoculation, body weight had fallen to 90 + 3% of that

at the start of th, ex!erinment. Aortion the arva lyms performed on blood, the

fol luwinj dhmon',tr ited Igni f ic,)nt r ,JuL t Ior," Io)diua, 7 mi[,I/L, potd'nsium, 0.',



mEq/L; chloride, 7 mEq/L; calciumii, 0.6/DL and phosphorus 1.6 mEq/OL. The henato-

crit fell by 6 vol -. Serum proteins, blood urea nitrogen, osmolality, pH and

magnesiun concentrations were unchanged from zero hour observations.

Whole muscle analyses revealed a significant decrease in K, 45 mnq/kg FFDW.

Potassium concentration on a whole muscle basis fell from 95 to 86 mEq/kg FFWW,

however, this did not achieve statistical significance. When assayed on an intra-

cellular basis, K fell from 104 to 85 mEq/kg WW of fiber. This was a significant

change. In addition, intrafiber water content increased from 2.3 to 3.6 mEq/kg OW

of fiber.

There have been few studies of muscle electrolyte metabolism in the monkey. It

is of value to determine the effects of the experimental procedures, other than the

test inoculation of S. typhimurium, on these animals (Table 1I1). The absolute

controls (Group 1, -72 hours and Group Ill, 0 hoursY, with no prior intervention,

were compared with'the experimental controls (Group 1, -48, -24 and 0 hours) who

had been subjected to three days of testing and the operated controls (Group ,I,

-48, -24 and 0 hours) (Table 11i). Small but significant changes occurred in serum

Na and Cl concentrations in response to experimental procedures. These changes are

reflected in alterations in muscle H2 0, Na and Cl. Only'serum and muscle K concen-

trations were not influenced by the experimental procedures (Group I), however,

serum K was reduced in the operated controls (Group II). Because of these small,

but nonetheless significant, biological responses to experinental procedures which

consisted of sedation, blood and muscle sampling and temperature and weight measure-

ments, the time zero sample, the first of the ex!.xrimental observations, is used

as the basis for, comparison in Groups 1, II and Ill.

DISCUSSION

The intravenous inoculation of the rhesus nmnkey with 108 Sain,.-.lla typhimurlum

produced a uniform sub-lethal, self-limited febrile ill'ness. The relationship be-

tween inoculation and illries, wds confirmed by the persistence of Sj.pthimuriuin

in blood cultures. All of ttic Group I animals had septicemia persisting to 72 hours;



the Group II to 96 hours; and Group III had persistence to 120 hours following in-

oculation.

After 72 hours of infection, the average body weight began to fall in Ohe

Group I animals, reaching levels of significance at 168 hours and resulting in a

total loss of 10% of body mass at 336 hours post inoculation. In the Group III

animals, the loss of body mass was more rapid, reaching 10% of control weight at

120 hours. The chair-restrained Group 11 animals gained weight because of the

water loading, and developed visible edema.

Six hours after inoculation of the Group I monkeys with S. typhimuriumn, serum

concentrations of Na and Cl increased by approximately 10 mEq/L. At the same time,

serum K fell by,0.8 mEq/L and there was a transient loss in muscle water of 450

ml/Kg of dry muscle solids. This was associated with a significant fall.in myo-

'fibrillar nitrogen and increase in muscle collagen nitrogen and lipid. At this

time, muscle Na and Cl/Kg FFDW fell significantly and K concentrations were rela-

tively unchanged'. There was no evidence of total body dehydration as reflected

in acute loss of body mass at this period.

The second phase of infection was associated with the febrile response wnich

lasted from 24 hours to 72 hours after inoculation. The trend in serum ele.tro-

lyte concentrations, already evident at six hours (increase in Na and Cl and fall

in V) was persistent. The alterations in muscle, however, were very different.

During this period, muscle water and sodium increased above the baseline, muscle

chloride concentrations returned to the 'riginal levels but muscle K concentra-

tions continued to decrease, becoming statistically different from the zero hour

observations at 72 hours post-inoculation. Muscle myofibrillar and collagen

nitrogen returned to original concentration in the dry muscle solids by 72 hours

but muscle lipid continued to Increase up to th, t point. The water loading of

the Group 11 monkeys prevented the elevation of serum Na which had been observed

in Group I. In Group II, the postoperative serum K concentrations, which were

low at 0 hours, remained low throu'jhout the study. During infection, muscle compo-



sition was very similar to that observed in the Group I dnimals, indicating

that although the water loading in Group II altered serum concentrations, it

did not alter the muscle response. This suggests that muscle hydration was inde-

pendent of extracellular sodium or total osmolar concentration.

In convalescence, after lysis of fever, muscle sodium and chloride concentrations

which had fallen significantly in Group I during the febrile period, rose to very

high levels at 168 hours. Muscle water, sodium and chloride concentrdtions all

fell significantly during the same interval. The increase in serum Na and 1

must have been due, in part, to the delivery.of these tissue components into the

extracellular fluids. This shift was associated with a diuresis as evidenc by

an average weight loss of 9%. Urine volume increased transiently in Group I1

monkeys at 24 hours but sustained diuresis did not begin ,mntil the fourth day after

Inoculation. Saluresis was evident at 24 and 48 hours but was followed thereafter

by sodium retention. The rise in serum Na and Cl concentrations in Group I must

reflect the relative retention of these ions during early diuresis of fluids de-

livered from the tissues after 72 hours of illness. A fluctuating inverse relation-

ship observed between serum and muscle Na 'and Cl persisted throughout the renander

of the Group I convalescent period. The serum concentrations fell at 240 hours

when muscle concentrations of Na, Cl and H2 0 again Increased. Fluctuations in

serum sodium concentration have been observed during the convalescent period in

other experimental infections such as Q fever (2). The periodicity of the r cipro-

cal shifting of ions and water out of muscle observed in the present study c nnot

be determined because of the long sampling intervals during convalescence. It is

not certain that recovery was complete at 336 hours (14 days) following inoc la-

tion; serum Na and Cl levels continued to be significantly greater than thos at.

time zero, muscle Na and Cl were significantly less. Muscle and serum K wer

fully recovered after 168 hours. Muscle water, myofibrillar nitrogen and ne tral

lipid concentrations were equivalent to the original observations but muscle

collagen nitrogen was low at the time of the final observation.
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The response of muscle K to S. typhimurium septicemia appears to be related

to renal wasting of this ion during the illness. It is clear that serum K concen-

trations are an important determinant of muscle K concentration, a linear corre-

lation exists between the two in experimental K deficiency in rats. The relation-

ship is simildr in this study (Figure 6). It is likely that renal K wastingeis

produced by the hypennineralocorticoidism known to occur in the febrile period

of infectious diseases. Potassium deficiency could explain the increase in

muscle sodium observed in the febrile phase of the illness, however, it does not

explain the increase in muscle water. Overhydration of muscle is not found in

experimental K deficiency. Eight animals in the Group iii received a similar in-

oculation of S. typhimurium organisms and were studied at zero and 120 hours of

illness. Muscle responses in Group III were similar to those observed in the

Group I monkeys. Muscle potassium was reduced by 50 and 45 mEq/kg FFDW in the

Group I and III monkeys respectively. Muscle water increased 0.4 and 0.3 liters/kg

FFDW in these two groups. The cellular nature of these alterations was investigated

by use of the Electron Microprobe. These observations (Table II) indicated that

fiber hydration was significantly increased at 120 hours after infection. Intra-

fiber potassium correlated with fiber hydration (Figure 10): K,. mEq/kg whole fiber

126 - 220, L/kg dry fiber hydration. Muscle K/kg FFDW correlated with serum K,

both in' Group I and II animals, offering evidence that a portion of the reduction

in muscle K was due to K deficiency which was reflected in both serum and tissue.

Potassium deficiency, however, is associated with constant muscle hydration and a

replacement of intracellular K with Na on an approximately equimolar basis. In

the Group III experiment, muscle fiber hydration was increased and intracellular

potassium was not replaced by sodium. From the intracellular relationship revealed

in Figure 10, it is apparent that intracellular K was diluted by a solution con-

taining approximately 20 mEq of sodium and 10 mEq of chloride per liter. Although

the reduction in muscle Kfrom potassium deficiency must play a role -in the loss

of cellular content of this ion, intracellular K is better correlated with intra-
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cellular water (r = 0.74) than extracellular potassium concentration (r - 0.41).

Therefore, 120 hours after inoculation, the overhydration of the muscle fiber

plays a more dominant role in the reduction of muscle K than does K deficiency.

The role of extracellular osmolality on the observed increase in fiber hydra-

tion seems negligible; there was no decrease in serum osmolality at 120 hours of

infection in the Group III monkeys. By exclusion, the intracellular hydration

change in muscle must be a consequence of altered cellular physiologic factors.

One of tnese is revealed by calculating the Na and K fiber content on a dry weight

basis.. The sum of Na + K/kg dry fiber increases from 400,+ 71 to 475 + 56. When

compared with fiber water, the regression coefficient for this relationship is

0.83.
As a background to the study of muscle electrolyte composition several organic

components of muscle were analyzed. Total muscle lipid increased four-fold during

the 72 hours after inoculation then returned to baseline levels. In' other studies,

the alterations in lipid metabolism of the monkey with S. typhimurium sepsis have

been found to include a' five-fold rise in serum triglycerides (48 hours) and an

inhibition of triglyceride clearance from blood (9,10). Although muscle lipids

have not been previously reported in this illness, it is evident that muscle accumu-

lates lipids during this period of altered triglyceride metabolism.

Muscle myofibrillar nitrogen was reduced by approximately, 20% 24, hours after

inoculation. There was a compensatory rise of collagen nitrogen in the fat free

dry muscle solids. After 48 hours of infection, both nitrogen fractions could not

be differentiated from baseline observations. Studies in rats infected with S.

typhimurium document a flux of amino acid from muscle to liver (11). Some are in-

corporated into acute phase serum proteins, however, the major portions appear to

enter energy producing pathways (11,12). This flux of amino acids from muscle to

liver, which peaks at 24 hours, is associated with marked muscle protein catabolism

and increased anabolism in liver and kidney (5).

CONCLUSIONS

Potassium deficiency, roflected in seruin and muscle K concentrations, was
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present during the febrile period of experimental septicemia in monkeys. Over-

hydration of muscle was evident within 24 hours after inoculation with S. typhi-

murium. This increased in association with an accumulation of muscle Na during

the febrile period. During-convalescence, there were reciprocal swings of serum
U

and muscle sodium, chloride and water content which presumably reflect the stepwise

return of extrarenal and renal mechanisms to normal.

The overhydrated state of muscle in the febrile and'convalescent periods Isin-

consistent with the known responses of experimental animals to K depletion. An

electron microprobe evaluation of intrafiber concentration confirms that intra-
p.

cellular overhydration was present, independent of K deficiency, and that intra-

fiber hydration played the dominant role in altered whole muscle and fiber K con-

centrations.. The fact that serum osmolality was unchanged Indicates'that intrinsic

cellular factors were responsible for the accumulation of muscle water. Within the %

muscle fiber an accumulation of a solution of intracellular fluid containing ap-

proximately 20 mEq of Na and '10 mEq of Cl was documented.

During convalescence, a reciprocal divergence between the muscle and serum

sodium concentrations was observed. After 72 hours of illness, muscle Naocontinued

to increase while serum Na fell. This occurred during the.period of mrxlmal sodium'

conservation by the kidney. This also coincided with the period of diuresis and

rapid weight loss. The simple'explanation of the divergence between serum and mus-

cle Na concentrations may be the shifting of sodium into muscle. At 168 hours,

this shift was reversed with a profound fall in muscle Na and a rise of serum Na

to very high values. Urinary Na excretion became elevated at this period after

inoculation with S. typhimuriui6. It would appear that urinary excretion paralleled

the oscillation 'of serum Na concentration as the ion shifted transiently into andout of muscle. The rise in serum Na at 168 hours was associated with a return of

I|
muscle hydration to normal. The sequence nf renal events reflected an interplay

between altered filtered load, due to tissue shifts,' and altered tubular function,

in response to aldosterone and antidiuretic hormones, resulting in an overlapping .
I
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LEGENDS TO FIGURES

Figure 1, Group I: Effect of S typhimuriui,0 sepsis on body temperature (FO) and

body weight (% of initial). The six hour observation is indi-

cated independently; all others were made between 9 and 11 A.M.

Means dnd SD are given for each observation.

ligure 2, Group 11: Body weight (% of initial) in water loaded, restrained monkeys P

receiving inoculation at zero hours.

Figure 3, Group I: Effect of sepsis on muscle Na (mEq/Kg FFDW) and serum Na (mEq/L)

The an values different from time 0 are indicated with (*),

those different from 120 hours with (4). All differences are

p 0.05 or less.

figure 4, Group 1: Effec; of sepsis on muscle K (mEq'/Kg FFOW) and serum Na (mEq/L). .

Symbo s as in Figure ;.

Figure 5, Group I: Effec. of sepsis on muscle Cl (mEq/Kg FFDW and serum CL (mEq/L).

Symbo s as in Figure 3. 'N

Figure 6, Groups I Relat onship between muscle potassium (mEq/Kg FFDW) and serum

and III: potas ,ium (mEq/L). Group I animals indicated in solid circles,

Group III in open circles. The calculated slope is muscle K,

- serum K * 36.6 + 216 (r = 0.59, n 40).

Figure 7, Group I: Effecl of sepses on muscle water, nitrogen fractions and total •

llpidl Muscle water (L/Kg FFDW) was related to muscle sodium,

muscli Na = 3.1 + muscle water ' 0.0037 (r = 0.62, n = 40);

Myofitrillar N (MFN).was decreased at 24 hours and colldgen N

increlsed. Muscle lipid increased, peaking at 72 hours. Syn-

"Kols s in Figure 2. .

Figure 8, Group I: Effect of sepsis on urinary excretion. Control observations

began 24 hours after the animals had surgical implantation of

cathe ers and were restrained in metabolic chairs. The animals

recei ed S. typhinurium intravenously at time zero. The urine

volumue is given in ml/24 hours and Na and K in mEq/24 hours.

Means and SD are liven for each obs-'vation.



volume is given in ml/24 hours and Na and K in mEq/24 hours.

Means and SO are given for each observation.

Figure 9, Group 11: Effect of sepsis on renal function. Glomerular filtration

was estimated by creatinine clearance, ml/m1n. Free water

clearance is a measure of solute-free water removed during

passage through the tubule, pl/min. A negative value indicates

antidiuresis.

Figure 10, Group III: Relationship between fiber water and electrolyte concentrations

as determined by Electron Probe analyses. Potassium: closed

circles, sodium: open circles and chloride: pluses. ,Eq/kg of

whole fiber. Intrafiber water on abscission, L/kg DS. The

equation used to determine the slopes illustrated were as

follows: Fiber K, mEq/kg whole fiber a 126 - H2 0..L/kg DS ` 10.9

(r a 0.74. n - 16); fiber Na, mEq/kg wha'e fiber - 23 - H20

L/kg DS * 1.1 (r - 0.16. n - 16); and fiber Cl. mEq/kg whole

fiber - 11 + H20. L/kg OS * 0.1 (r - 0.01. n - 16).
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